To improve the effectiveness of microsurgical techniques, we have developed a semi-autonomous robotic surgical tool (called the "Smart Scalpel") as an alternative approach to the treatment of vascular lesions. The "Smart Scalpel" employs optical reflectance spectroscopy and computer vision to identify and selectively target blood vessels with a focused treatment laser. Since the laser only heats along the diseased blood vessels, collateral damage to adjacent healthy tissue is substantially minimized. The "Smart Scalpel" also employs rapid real-time feedback analysis for on-line modification of the treatment parameters, quantification of treatment efficacy and compensation for motion tremor. These capabilities allow precise control over the energy dosimetry to achieve optimal treatment result. This paper presents the design of a prototype instrument, methods of the image analysis, and preliminary results with animal models.
Introduction
The use of medical robots is gaining popularity especially in the field of microsurgery. Many microsurgical procedures require a high degree of physical dexterity, accuracy, and control, which may degrade with physician fatigue. This problem can be partially alleviated through the use of a microsurgical tool to aid in tissue identification and removal. In order to achieve the high accuracy required, closed ioop feedback can be incorporated into the control system.
Smart Scalpel Concept
Our embodiment of this feedback concept is a device called the "Smart Scalpel" (Figure 1 . 1). In the "Smart Scalpel" instrument, tissue physical properties as well as expert knowledge from the physician are inputs to a computer describing the attributes of healthy tissues versus the diseased tissues to be excised. The system then non-invasively measures the physiochemical properties (morphological, biochemical, mechanical, electrical, etc.) of a tissue volume and compares this information with the computer model to identify the diseased tissues. This result is then used for continuous feedback control of the treatment of the diseased tissues with a localized energy source, leaving the surrounding healthy tissues intact. This automated scanning and targeting sequence is repeated until all the diseased tissues have been treated. A handheld micromanipulator (probe) serves as the interface between the patient and the "Smart Scalpel", providing a convenient way to extract information about the tissue and to direct the therapeutic energy to the appropriate targets ( [1] , [2] & [3] ).
The many desirable attributes of the Smart Scalpel have the potential not only to improve performance in current microsurgical procedures, but also to facilitate the development of new treatments not yet feasible with existing technology. The accuracy and reliability of present day procedures can be enhanced through finer and more consistent diagnostic and motion controls, and collateral damage can be minimized through selective targeting and real-time assessment of the treatment efficacy. This system has great potential to increase patient comfort, shorten patient recovery times, and decrease the overall medical cost. In addition, the system can potentially be part of a tele-operated surgical system.
Dermatological Applications of the "Smart Scalpel"
Dermatology has been identified as a potential entry port for the "Smart Scalpel" technology. We have identified nevus flammus, which includes port wine stain and telangiectasias, and the removal of superficial leg veins, psoriasis, and hair as potential candidates responsive to treatment with the "Smart Scalpel". However, the primary focus of the present effort is as an alternative treatment of vascular lesions such as port wine stains (PWS) and telangiectasia.
Current Clinical Practice
Current PWS therapy involves the illumination of -10 mm diameter region of the skin with the output of a pulsed laser [4] . Selective absorption of the laser energy by the blood results in thermal necrosis of blood vessels and irreversible damage.
Over time the body absorbs these vessels, and the lesion fades or completely disappears. In practice, selective photothermolysis also damages the tissue surrounding the blood vessels. Since there is no discrimination between the blood vessels and healthy tissues, the collateral damage results in pain for the patient and tissue scarring. The procedure is slow and the treatment response is sometimes poor. Finally, aside from physical appearance, no feedback is generated to assess treatment efficacy or appropriateness of the photon dosage.
Most laser treatment methods used today share a common disadvantage: all require substantial expertise to achieve reliable and reproducible results. There are reported problems such as hypertrophic scarring and inhomogeneity of blanching due to inhomogeneous energy delivery and dosage. In addition, these manual methods are tedious and time-consuming, they can be painful and usually require several sessions over a period of months before clinically acceptable results are achieved. Many physicians have demonstrated that the precise control of dosimetry is an important criteria for successful laser therapy [5] . Hence, an automated treatment system can definitely produce more efficient treatment by using lasers in an optimal fashion.
"Smart Scalpel" approach
In the "Smart Scalpel" approach, we use the blood vessel reflectance signal to identify the blood vessels to be treated and deliver the laser energy only to those vessels. In addition, this signal is monitored throughout the treatment to assess the treatment efficacy and to adjust the laser dosage accordingly. The image and targeting sequence is performed at a high rate to compensate for relative motion between the imaged region and the focused laser beam.
Due to the flexibility of the Smart Scalpel, any laser can be attached to the system via optical fiber. Therefore, the dermatologist can have the flexibility to use the laser wavelength he deems fit. For more effective treatment, the Smart Scalpel is designed to recognize the dimensions of the blood vessels in order to estimate the vessel thermal relaxation time. The laser pulse width is then adjusted in real time during the treatment. This capability is very important, and is impossible with the current treatment techniques.
Resting tremor, which has frequency commonly around 3 Hz ( [6] , [7] & [8] ), has been identified as the highest frequency source of relative motion between the "Smart Scalpel" and a resting patient. During laser treatment, the patient's body will be supported or constrained, and the "Smart Scalpel" probe head will be held securely against the body. With these measures implemented, it is reasonable to assume the maximum displacement frequency is 3 Hz. Thus, our goal is to design a system with a feedback bandwidth of at least 6 Hz in order to track the blood vessels accurately.
"Smart Scalpel" as Platform Technology
The ultimate aim is to use the "Smart Scalpel" instrumentation as a platform technology for microsurgery. As illustrated in Figure 2 .1, the "Smart Scalpel" can be a highly modular instrument giving the physician a high degree of flexibility in configuring a system best suited for treatment of a particular disease condition. The physician can select a treatment algorithm and "plug-in" a laser module into the optical fiber interface for optimal treatment of a diversity of dermatological conditions. 
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Tissue Optics
Orthogonal Polarization Spectroscopy (OPS) & Refractive Index Matching
Multiple scattering inside the tissue depolarizes polarized light whereas specular reflection preserves the polarization plane. Specular reflection from the skin is decreased by illumination of the skin with polarized light, and viewing the reflected and scattered light through an orthogonal polarizer. This technique is known as Orthogonal Polarization Spectroscopy (OPS) imaging, and it produces high contrast images of vasculature, inflammatory and pigmented lesions that are otherwise inaccessible by standard intravital microscopy techniques [9] . An optical plate pushed against the skin provides a uniform surface for imaging. The specular reflection that arises from the glass-skin interface can be decreased by applying a thin layer of gel that matches the refractive index between the skin and glass plate. Optical Reflectance Spectroscopy (ORS) combined with OPS are used in the Smart Scalpel to non-invasively identify blood vessels in the skin. In ORS, the reflected spectrum at specific wavelengths contains information of the lesion, and is dependent on its optical and anatomical properties. The PWS (and skin in general) contains two dominant chromophores: melanin resident in the epidermis and hemoglobin found in the blood. Figure 3 . 1 shows that whole blood exhibits two strong absorption bands at 540 nm and 577 nm due to a high concentration of hemoglobin chromophore [10] . In comparison, the melanin absorption spectrum generally decreases with increasing wavelength, while its overall magnitude scales with melanin concentration [11] . Figure 3 .1, it can be seen that normalization of the absorption spectrum at 577nm (where blood absorption dominates) with respect to the melanin spectrum at 650 rim (where melanin absorption dominates) generates a high contrast spectrum. Therefore, subtraction of PWS images taken at these two wavelengths generates a high contrast image from which blood vessels are uniquely identified.
Optical Reflectance Spectroscopy (ORS)
In order to demonstrate the ORS-OPS identification technique, the back of a mouse ear was imaged. ORS-OPS can also be used to determine quantitatively the degree of PWS blanching following each laser treatment. More importantly, ORS-OPS can also be used to discriminate between treated and untreated PWS vessels. Van Gemert et at [12] measured the reflectance spectra of normal skin and untreated and treated PWS, and found that there are characteristic differences in their spectra enabling easy distinction. Hence, this allows the treatment efficacy to potentially be assessed in real time to measure the success of the laser therapy and determine whether the lesion requires additional laser treatment.
Smart Scalpel Design 4.1 Electro-Optical Subsystem
The current "Smart Scalpel" electro-optical design is diagrammed in Figure 4 . 1 .To achieve high frequency switching, two strobe lights (Perkin-Elmer MVS 7020) are used as illuminators. The light from one strobe passes through a 577 nm bandpass filter and the light from the second passes through a 650 nm bandpass filter (FWHN'I = 60 nm). The filtered light is then focused via a dichroic mirror onto an optical fiber, where the emergent light is reflected onto the tissue. Since light from both sources illuminate from the same position, the green and red images obtained will have the same intensity distribution and shadow details, and this allows image subtraction to be performed accurately. To implement OPS, polarizers are placed at the fiber exit and CCD camera (Pulnix TM-9701). The camera lens is set to give a field of view of 17 nini by 13 mm. Toensure that the object is always at the same distance to the camera, a sapphire window is positioned at the focus distance, and the object to be imaged will be held against it. The optical resolution of the system is measured to be 49 jim, which is sufficient to detect most PWS blood vessels.
Laser Subsystem & Instrumentations
A second optical fiber delivers the treatment laser beam into the probe, where the beam is collimated. This beam then passes through a two-axis scanning galvanometer, a focusing lens, a dichroic beamsplitter and finally onto the tissue. The focusing lens is set so that the focal point of the laser is below the skin surface. In order to produce the desired pulse width during treatment, an optical shutter is used to modulate the laser energy that enters the optical fiber. During the galvanometer transit time between targets, the shutter is closed to prevent heating of the healthy tissue between blood vessels.
The images from the camera are acquired by a framegrabber (Matrox Meteor II Digital). These images are processed by a computer, which determines the vessel coordinates and feeds them to a laser scanning system via a digital-analog converter (Allios board, MIT). The computer also coordinates the strobing sequences, the optical shutter and the feedback control.
In order to detect the blood vessels in an image, a line extraction algorithm is used. This algorithm must be fast and extract the mid-line of the blood vessels so that the laser spot can hit the vessels accurately.
Lines are characterized as ridges and ravines in an image. One method of extracting the lines is to consider the image as a height map z(x,y), and lines are extracted based on differential geometric properties of the ridges. Specifically, we want to identify the ridge edgels, which are locus of points where the image height is locally maximal in the direction perpendicular to the line, and the gradients are vanishing. These concepts are discussed in the following section.
Differential Geometric Properties of a Line
In order to detect lines in one dimension, say with a parabolic profile z(x), it is sufficient to determine the points where z'(x) vanishes (see Figure 5 . 1). However, it is usually convenient to select only salient lines. A useful criterion for salient lines is the magnitude of the second derivative z' '(x) at the point where z'(x) =0. In this case, a line point will have z' '(x) <<0. These properties can be easily extended to two dimensions. In this case, the center of the line is the position where the first directional derivative in the direction perpendicular to the line should vanish, and the second directional derivative should be of large negative value. It is also observed that the first derivative takes on its maximum absolute value at the edge of the line. Therefore, edges can be detected by locating the points where the first derivative is locally maximal in the direction of the gradient.
Gaussian Convolution
Image Smoothing & 2D Convolution
An image contains noise that must be removed prior to derivative estimations and line detection. Since noise is mostly high frequency signals, they can be suppressed using a two dimensional low pass filter such as the Gaussian filter. This operation is also known as Gaussian smoothing. Because a two dimensional Gaussian function is rotationally symmetric, a useful property is that a convolution with a two dimensional Gaussian can be separated into two orthogonal convolutions with onedimensional Gaussians. Mathematically, this is given by:
where F(x,y) is the image function and G is the Gaussian function. This property effectively reduces the number of operations per pixel from N2 to 2N. Due to this separable property, Gaussian convolutions are computationally efficient.
Implementing Gaussian Convolution
Two methods of implementing the Gaussian convolution can be used: (1) finite impulse response (FIR), and (2) infinite impulse response (1W) filters. The operators of the FIR and hR filters are given, in order, by:
where x is the input, y is the output, and ak, bk and hk are the coefficients that define the filters.
A FIR filter suffers from the fact that it is computationally expensive since the width of the convolution kernel N is generally large, and the number of operations per point is proportional to the number of coefficients [13] . On the other hand, the hR filter is more efficient (because m+n < N), but is less accurate than the FIR [14] .
It is found that the 3rd order 1W filter gives a good tradeoff between speed and accuracy. In a 3rd order filter, the number of operations per pixel is 23. This is equivalent to implementing a FIR filter with a width of 12 coefficients. In general, the width of the FIR filter used is greater than 25 (equivalent to 49 operations per pixel), and therefore, this justifies the use of the IIR filter.
5.2.3
Discrete Gaussian Derivatives Lindeberg [15] has shown that scale-space properties in the continuous domain transfer directly to the discrete domain, and that derivatives can be approximated directly from a smoothed image and that will give the same result as convolution with the corresponding derivative kernels. For example, if 5 different derivatives are to be computed, there is no need to separately convolve the image with 5 large support derivative kernels. The same result can be obtained by smoothing the image with a large support Gaussian kernel, followed by computing the derivatives using 5 small support difference operators. An example of a first derivative difference operator is given by:
where F(ij) are the pixel values.
This approximation technique, combined with hR filtering implemented in a separable manner, leads to a very computationally efficient method of computing the image derivatives.
Line Detection
Line (ridge) detection involves finding local extrerna in images. As mentioned in Section 5. 1 , the zeros of first directional derivatives in the direction perpendicular to the ridge lines are candidate line points. This perpendicular direction corresponds to the direction of largest principle curvature, which is also the direction of minimum second directional derivative [16] .
Let ii be a vector pointing in the direction of largest principle curvature. Given an image function F, the first and second directional derivatives in the direction ñ is defined, in order, by the following:
(ii.v)F(x,y) = nj . Kmjn>>Kmcjj and IK,ItO.
The eigenvector that corresponds to the minimum eigenvalue (K) is in the direction of the largest principle curvature ii.
The magnitude of the second directional derivative can be used to select salient lines.
Results of the Algorithm
The results of the algorithm are shown in Figure 5 .2. As seen in Figure 5 .2b, the algorithm is successful in detecting most of the blood vessels. In the detection of blood vessels from skin images, it is found that this technique gives excellent results at a relatively high speed. It is also highly tolerant to image noise, and performs well even for low contrast images.
Detection of Line Width
The pulse width of the laser depends on the thermal relaxation time of the blood vessels, which in turn depends on the vessel diameter. Therefore, it is desirable to compute the width of the blood vessel in the image so that the laser pulse width can be adjusted during treatment. Since a line is bounded by an edge on each side, a method to compute the width of each line point is to find the distance of edge pixels to the left and right in the direction perpendicular to the line. This technique can be efficiently incorporated into the line detection algorithm, and is also highly accurate.
Imaging Strategy
To operate at a bandwidth of 6 Hz, the time required for each treatment loop is 167 ms. For a large imaging field, this time is almost impossible to achieve if both image processing and laser treatment are to be incorporated. Therefore, dividing the image field into smaller regions to process is a good way to speed up the operation.
Regional Division based on number of targets
A proposed approach is to divide the image field into regions that contain an equal number of targets. This is necessary in order to maintain an equal laser treatment time for each region. If the image field is divided into equal regions instead, then the treatment time for each region will vary greatly depending on the number of targets it contains. The method to implement this strategy is as follows:
6.1.1
Step 1: First Pass Imaging
This involves grabbing a red and green image to perform image analysis to identify the blood vessels. The locations of the blood vessels are marked as S(x,y), which are referred to as the seed pixels. This process will take a few seconds.
6.1.2 3iiivesseIj Figure 6 .1(a) Blood vessels.
Step 2: Grow Area from Seed Pixels (b) Vessel coordinates (seeds) extracted.
Since the patient may move after the first pass imaging, the subsequent positions of the blood vessels may not be in the same position S(x,y). However, these new positions will be very near the original positions if the patient moves little, or if the "Smart Scalpel" is held securely to the skin. Therefore, an area can be "grown" around the seed pixels, which will represent future vessel positions. These possible targets will be called T(x,y). The width of the grown region is chosen to be 370 m, which is found to be a suitable value for displacement due to resting tremor [71. From this point onwards, all subsequent image processing operations will only be performed on T(x,y). This will ensure that no operation is wasted on parts of the region that contain no target.
6.1.3
Step 3: Regional Division
The image field will now be divided into rectangular regions that contain the same N number of seed pixels S(x,y).
Small region due to large number of targets
Large region due to small number of targets 6.1.4
Step 4: Feedback Operation
With the regions now defined, the final step is the feedback operation, where the operation ioops are sequentially performed on each region. The time taken by one operation ioop depends on the size of the region it process, which is determined by the number of "seed" targets N. In general, the greater the value of N, the bigger the region size, and so the lower the bandwidth.
Results
Using the "Smart Scalpel" prototype with a Pentium II 500 MHz computer, the maximum bandwidth achieved is 3.6 Hz. This is achieved by setting N to be 100, and the laser dwell time to be 1 ms. The bandwidth can be increased even further iffaster instruments and computer are used, and if N is set at a lower value. If the hardware devices (e.g. computer, camera, galvanometers, etc.) are fast enough so that speed is no longer restricted, then the imaging strategy should also be changed. Laser treatment should now be performed immediately without having to implement a first pass scan because the image processing is able to handle a larger area.
Clinical Human & Animal Imaging
Imaging Results from Animal Models
To assess the imaging performance of the "Smart Scalpel" and the image processing algorithms, images of a rabbit's ear were taken. An image taken from the end of the rabbit's ear is shown in Figure 7 . la. The blood vessels are clearly visible in the image, and the contrast is excellent. The result of the image analysis is given in Figure 7 . lb where the algorithm is successful in detecting most of the discernible blood vessels within the field of view. Presently, we are in the process of collecting a library of images of different types of lesions, which will then allow different classes of algorithms to be specifically designed. The next phase of the project is to perform laser treatment in animal models.
Optimal Laser Treatment
Optimization of PWS laser treatment on an individual patient basis requires development of diagnostic methods to determine epidermal melanin concentration, distribution of vessel number and diameter as a function of depth, percentage oxygen saturation and blood flow velocity [12] . Besides optical reflectance spectroscopy, infrared tomography and optical lowcoherence reflectometry are two other non-invasive diagnostic sensing methods that measure these important optical-thermal data. These techniques can be incorporated into the "Smart Scalpel" to determine the optimal treatment parameters.
Other Smart Scalpel Applications
Many immediate applications have been considered for the "Smart Scalpel" system. The areas worth exploring include:
. Automated identification and laser treatment of varicose veins and spider veins. . Laser-based hair removal. One method is by identifying the hair follicles spectroscopically and targeting the follicles with a focused laser. Mother technique is by using image processing algorithms to calculate the location of hair follicles based on the orientation and angle of the surface hair. S Automated laser-based tattoo removal.
. Surface skin ablation of bum patients using laser.
S Skin cancer detection and treatment.
Conclusion
The "Smart Scalpel" represents a new class of medical device, which utilizes real-time information about tissue properties to selectively deliver laser energy under feedback control to the specified blood vessel targets. Presently, the Smart Scalpel has a system bandwidth of 3.6 Hz, and an optical resolution of 49 tim. We have demonstrated the operations of its imaging system, computer vision system, and laser delivery system to a series of test objects successfully.
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